The Notch signaling pathway plays major roles in organ development across animal species. In the mammalian liver, Notch has been found critical in development, regeneration and disease. In this review, we highlight the major advances in our understanding of the role of Notch activity in proper liver development and function. Specifically, we discuss the latest discoveries on how Notch, in conjunction with other signaling pathways, aids in proper liver development, regeneration and repair. In addition, we review the latest in the role of Notch signaling in the pathogenesis of liver fibrosis and chronic liver disease. Finally, recent evidence has shed light on the emerging connection between Notch signaling and glucose and lipid metabolism. We hope that highlighting the major advances in the roles of Notch signaling in the liver will stimulate further research in this exciting field and generate additional ideas for therapeutic manipulation of the Notch pathway in liver diseases.
Introduction
Notch signaling plays critical roles in animal development, tissue homeostasis and human disease [1, 2] . As a juxtacrine signaling mechanism mediated by interactions between transmembrane ligands and receptors, the Notch pathway allows neighboring cells to communicate and thereby regulates various processes, including apoptosis, proliferation, cell fate specification and asymmetric division [3] . Notch ligands presented by the signal-sending cells bind to the Notch receptors on the signal-receiving cells. Endocytosis of the ligand applies a pulling force to the Notch at the surface of the signal-receiving cell and results in a conformational change in the Notch receptor that exposes the cleavage site for ADAM10 metalloproteinase [2, 4] . This is followed by cleavage by the γ-secretase complex, which releases the Notch intracellular domain (NICD). Finally, the NICD translocates to the nucleus and mediates the activation of Notch pathway targets together with the RBPJ (recombination signal binding protein for immunoglobulin kappa J region) and other co-factors [5] .
Mammals have four Notch receptors called NOTCH1-4 and five canonical ligands called Delta-like 1 (DLL1), DLL3, DLL4, Jagged 1 (JAG1) and JAG2. Although there is some degree of redundancy between the function of individual Notch receptors and ligands, each component of the pathway also plays unique and non-redundant roles [6] . For example, the JAG1-NOTCH2 signaling axis has been widely known for its role in biliary specification and morphogenesis [7] [8] [9] [10] [11] . However, studies in vertebrate model organisms indicate that other Notch receptors and ligands also contribute to bile duct development [12, 13] .
In the liver, which is the subject of the current work, Notch signaling is important for the proper development of the biliary tree. This is evidenced by the bile duct paucity caused by JAG1 and NOTCH2 mutations in human patients with Alagille syndrome (ALGS) and the biliary abnormalities observed in vertebrate animal models with reduced Notch signaling [7] [8] [9] [10] [11] [13] [14] [15] [16] [17] . The Notch pathway is also involved in liver regeneration and repair, liver fibrosis and metabolism [18] . Moreover, Notch signaling plays key roles in cancers of the liver [19, 20] . Due to these broad and important actions, the contributions of Notch signaling to liver development and disease and the regulatory mechanisms for this pathway in the liver have been the subject of intense studies in recent years. These efforts have led to key advances in our understanding of the contributions of Notch signaling to biliary development and repair, liver regeneration and fibrosis and most recently liver metabolism. In this article, we will summarize the current state of the field in these areas, with a focus on more recent discoveries, and will suggest the questions that remain to be answered. Given the publication of multiple recent reviews on the role of Notch signaling in liver malignancies, this topic will not be covered here [21] [22] [23] [24] [25] .
Notch in Bile Duct Development, Morphogenesis and Maintenance
The Notch signaling pathway is critical for the proper maturation and morphogenesis of the intrahepatic biliary system. Among Notch-ligand pairs, the JAG1-NOTCH2 signaling axis is the one with an instrumental role in proper bile duct formation [10, 11] . Jag1 is expressed in portal mesenchymal cells, endothelial cells and biliary epithelial cells (BECs) [14] . As early as embryonic day 12.5 (E12.5)-E14.5, the mouse Jag1 is expressed in the endothelium of the portal veins and the portal vein mesenchyme (PVM) [14, 26] . JAG1 from PVM is thought to signal to surrounding bipotential hepatoblast cells, which express the Notch pathway targets HES1 and SOX9 and form a single-layered, cytokeratin-expressing "ductal plate" by E14.5-E15.5 [26, 27] . Bile ducts later arise in some parts of the ductal plate, while the remaining, unincorporated cells become periportal hepatocytes and contribute to cholangiocytes lining smaller biliary conduits, which might serve as remnant hepatoblasts capable of activation upon severe or chronic injury ( Figure 1A ) [28] . Notch signaling is dispensable for the formation of the ductal plates [11, 29] . However, upon conditional loss of Notch signaling in hepatoblasts, biliary morphogenesis is impaired [11, 26, 30, 31] . Interestingly, while JAG1 presented by portal mesenchymal cells is essential for biliary development, loss of JAG1 in the endothelium or in BECs does not seem to result in abnormal biliary fate or morphology in mice [14, 32] . These data indicate that Notch signaling is not necessary for the specification of BECs during liver development. However, reduced Notch signaling seems to impair the terminal differentiation of cholangiocytes and bile duct morphogenesis. It is also worth noting that ectopic activation of Notch signaling in the liver induces biliary cell fate specification and results in the formation of structures similar to bile ducts in the liver parenchyma [26, 33, 34] , indicating that Notch activation is sufficient for biliary specification.
Based on studies in mice, a model has been proposed for the generation of bile ducts from ductal plates along the radial axis [26, 27] . Based on this model, at the ductal plate, the developing bile ducts undergo a transitional asymmetric stage, at which the portal side of the developing bile duct consists of biliary cells, while the parenchymal side is still lined with hepatoblasts [26, 27] . The transcription factor SOX9 also shows an asymmetric expression pattern during this transition (first expressed in the portal side of the developing duct, then in the parenchymal side) [27] . Moreover, liver-specific deletion of Sox9 in Alfp-Cre; Sox9 flox/flox mice results in a delay in the resolution of the asymmetric structures and in the expression of the biliary marker osteopontin (OPN) in nascent biliary cells [27] . However, by five weeks of age, the biliary system fully recovers in these animals [27] . These observations suggest that SOX9 is not essential for bile duct development but regulates its timing. Sox9 is a direct target of Notch signaling in the liver and its expression in the liver is decreased in several Notch-deficient mouse models [9, 14, 26] . However, various genetic mouse models with decreased Notch signaling in the liver show bile duct abnormalities that persist into adulthood, unlike the Sox9-mutant biliary phenotype [9, 10, 14, 15] . Therefore, a decrease in SOX9 expression cannot fully explain the bile duct morphogenesis defects in Notch-deficient livers, and other Notch pathway targets likely contribute to these phenotypes.
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Given the elaborate three-dimensional (3D) structure of the biliary tree, conventional histological analysis of the biliary system is not able to fully determine the effect of specific genetic manipulations on the development of the biliary tree. To address this shortcoming, several groups have used elegant 3D visualization techniques, which involve filling the biliary tree with resin or ink, followed by light microscopy or X-ray microtomography of the liver [12, 17, 30, [35] [36] [37] [38] . Work in transgenic mice has provided strong evidence that Notch signaling regulates the density of the biliary tree in the liver periphery in a dosage-dependent manner [12] . When Notch signaling is disrupted early in hepatoblasts by Albumin-Cre-mediated deletion of Notch2, both Notch2 and Notch1, or Rbpj, the peripheral biliary tree becomes less dense; when Notch signaling is overactivated by expressing N1-ICD with Albumin-Cre, the peripheral biliary tree becomes denser. Interestingly, Albumin-Cre; Rbpj flox/flox livers showed an initial reduction in the average number of bile ducts per portal vein up to postnatal day 60 (P60), but no further loss from P60 to P120 [36] . Based on this observation and other data, the authors suggested that in addition to its role in biliary development, Notch signaling might be required in the postnatal maintenance of a patent biliary tree [36] . [17] . Differentiated cholangiocytes are first incorporated in a continuous homogeneous luminal network. This network is later reorganized into hierarchical tubular structures that form the adult biliary tree.
Given the elaborate three-dimensional (3D) structure of the biliary tree, conventional histological analysis of the biliary system is not able to fully determine the effect of specific genetic manipulations on the development of the biliary tree. To address this shortcoming, several groups have used elegant 3D visualization techniques, which involve filling the biliary tree with resin or ink, followed by light microscopy or X-ray microtomography of the liver [12, 17, 30, [35] [36] [37] [38] . Work in transgenic mice has provided strong evidence that Notch signaling regulates the density of the biliary tree in the liver periphery in a dosage-dependent manner [12] . When Notch signaling is disrupted early in hepatoblasts by Albumin-Cre-mediated deletion of Notch2, both Notch2 and Notch1, or Rbpj, the peripheral biliary tree becomes less dense; when Notch signaling is overactivated by expressing N1-ICD with Albumin-Cre, the peripheral biliary tree becomes denser. Interestingly, Albumin-Cre; Rbpj flox/flox livers showed an initial reduction in the average number of bile ducts per portal vein up to postnatal day 60 (P60), but no further loss from P60 to P120 [36] . Based on this observation and other data, the authors suggested that in addition to its role in biliary development, Notch signaling might be required in the postnatal maintenance of a patent biliary tree [36] .
In a more recent study, a new model has been proposed for the formation of the intrahepatic biliary tree by using 3D imaging techniques at multiple time points during embryonic development and postnatal growth of the liver ( Figure 1B ) [17] . According to this model, which to some extent challenges the idea of a single-layered and continuous ductal plate as the progenitor of bile ducts, discontinuous groups of cholangiocytes first appear around portal veins and then generate a fine, homogeneous structure called "continuous luminal network". Later, dynamic rearrangement of this rather uniform network generates the hierarchical network that forms the biliary tree. As the liver grows, these two steps are continually repeated to extend the biliary tree towards the periphery [17] . Pharmacological inhibition of Notch signaling in early postnatal mice resulted in impaired elongation of the biliary tree, leading to the conclusion that Notch signaling is required for the formation of the continuous luminal network [17] . Of note, ink injection experiments suggest that the continuous luminal network persists in some parts of the biliary tree in P30 Jag1 heterozygous livers [39] , suggesting that Notch signaling also plays a role in reorganization of continuous luminal network to the mature, hierarchical biliary network ( Figure 1B ). It is worth mentioning that both groups reported that many of the existing OPN + cells in these livers were not associated with ink-filled biliary structures. Altogether, these studies indicate that although biliary cell fate specification can occur in the absence of Notch signaling, proper biliary cell differentiation, bile duct morphogenesis in the radial axis, and the formation, growth and maintenance of the intrahepatic biliary tree all require Notch signaling.
The Notch signaling pathway acts in concert with other signaling pathways in the liver to direct proper biliary differentiation and development. As described in a recent review article, a complex regulatory network comprised of Notch, transforming growth factor beta (TGFβ), wingless-type MMTV integration site (WNT), fibroblast growth factor (FGF), bone morphogenetic protein (BMP) and Hippo signaling and a number of transcriptional regulators is involved in hepatoblast fate decision and expression of cholangiocyte versus hepatocyte genes in these cells [40] . In the remaining part of this section, we will highlight the connection between Notch signaling and two of these pathways, namely the TGFβ and the yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) signaling pathways, in the context of biliary development and biliary tree formation.
Inhibition of TGFβ signaling with neutralizing antibodies during embryonic mouse development results in a reduction in the number of biliary cells around portal veins in E14.5 embryos [41] . Moreover, staining with a pan-cytokeratin antibody indicates that providing a local source of TGFβ to E12.5 mouse liver explants induces a gradient of biliary cytokeratin expression in the explants [41] . Similarly, treating bipotential mouse embryonic liver (BMEL) cells with TGFβ ligands in vitro results in the upregulation of cholangiocyte markers Opn and Sox9 and downregulation of hepatocyte markers such as albumin and hepatic nuclear factor 4, alpha (Hnf4a) [27] . These observations indicate that a portal-to-parenchymal gradient of TGFβ signaling contributes to early stages of biliary development. It is worth noting that TGFβ signaling alone might not be essential for bile duct development, as evidenced by normal biliary tree formation in P32 animals in which TGFβ receptor II is conditionally knocked out in embryonic hepatoblasts [35] .
It was previously reported that mice with combined deletion of the Notch effector Rbpj and the transcription factor Hnf6 in hepatoblasts (Albumin-Cre; Hnf6 flox/flox Rbpj flox/flox ) initially show impaired biliary development, but exhibit a significant recovery and establish a functional biliary tree later in life [42] . This observation had suggested that a program entirely independent of Notch signaling can generate the biliary tree in adult mice if the Notch-dependent developmental program for this process fails. A recent study has shown that an unexpected compensatory role for TGFβ underlies this phenomenon [35] . The study also demonstrated that TGFβ signaling acted upon differentiated hepatocytes rather than immature cholangiocytes or hepatoblasts in populating the biliary tree in the adult. When TGFβ receptor 2 (Tgfbr2) was knocked out in hepatoblasts lacking Rbpj and Hnf6, intrahepatic bile ducts remained absent in older animals. An elegant set of experiments was used to demonstrate that activation of TGFβ signaling in hepatocytes induced their transdifferentiation to cholangiocytes capable of joining the extant biliary structures and formation of patent biliary conduits [35] (Figure 2 ). This study revealed a remarkable plasticity in adult hepatocytes, which allows them to transdifferentiate into cholangiocytes in a TGFβ-dependent manner and to restore a functional biliary tree in Notch-deficient livers. It also demonstrated a role for TGFβ in biliary morphogenesis beyond the embryonic and early postnatal biliary tree. allows them to transdifferentiate into cholangiocytes in a TGFβ-dependent manner and to restore a functional biliary tree in Notch-deficient livers. It also demonstrated a role for TGFβ in biliary morphogenesis beyond the embryonic and early postnatal biliary tree.
The Hippo signaling pathway is a major regulator of organ size in animals [43] . When Hippo signaling is active, its nuclear effector YAP/TAZ is phosphorylated and kept outside of the nucleus. Loss of Hippo signaling results in reduced YAP phosphorylation, which promotes YAP's nuclear localization and activation of its downstream targets [43, 44] . Conditional loss of Hippo pathway components in the liver results in significant liver overgrowth [45] . This is likely due to the increased activity of the Hippo pathway effector YAP/TAZ, because overexpression of a mutant version of YAP/TAZ with enhanced nuclear localization and transcriptional activity also results in a dramatic increase in liver size and in hepatocyte proliferation [46] . Notably, in addition to its role in proliferation, Hippo signaling also regulates cell fate in the liver. The YAP protein and its target CTGF are enriched in biliary cells in the adult liver [47] . Moreover, ectopic activation of YAP in mature hepatocytes results in their dedifferentiation to bipotential cells, indicating that Hippo signaling helps maintain the hepatocyte fate [47] . This study reported that YAP activation results in increased expression of Jag1, Notch1 and Notch2, and that YAP is recruited to the Notch2 regulatory region [47] . Moreover, simultaneous loss of Notch signaling in hepatocytes impaired the ability of overexpressed YAP to induce proliferation and dedifferentiation to a bipotential fate in these cells [47] . Together, these observations led to the conclusion that when Hippo signaling is compromised in mature hepatocytes, YAP acts through the Notch pathway to promote biliary fate.
A more recent study used Lats1 -/-; Albumin-Cre; Lats2 flox/flox mice to provide strong evidence that during liver development, activation of YAP/TAZ in the liver due to the loss of upstream Hippo pathway components LATS1 and LATS2 promotes the differentiation of bipotential hepatoblasts into BECs [44] . However, the effect of YAP/TAZ in this context was not correlated with increased Notch2 expression and Notch pathway activity, but was instead associated with enhanced TGFβ signaling [44] . Moreover, the long-term effects of loss of Hippo signaling in this model were not The Hippo signaling pathway is a major regulator of organ size in animals [43] . When Hippo signaling is active, its nuclear effector YAP/TAZ is phosphorylated and kept outside of the nucleus. Loss of Hippo signaling results in reduced YAP phosphorylation, which promotes YAP's nuclear localization and activation of its downstream targets [43, 44] .
Conditional loss of Hippo pathway components in the liver results in significant liver overgrowth [45] . This is likely due to the increased activity of the Hippo pathway effector YAP/TAZ, because overexpression of a mutant version of YAP/TAZ with enhanced nuclear localization and transcriptional activity also results in a dramatic increase in liver size and in hepatocyte proliferation [46] . Notably, in addition to its role in proliferation, Hippo signaling also regulates cell fate in the liver. The YAP protein and its target CTGF are enriched in biliary cells in the adult liver [47] . Moreover, ectopic activation of YAP in mature hepatocytes results in their dedifferentiation to bipotential cells, indicating that Hippo signaling helps maintain the hepatocyte fate [47] . This study reported that YAP activation results in increased expression of Jag1, Notch1 and Notch2, and that YAP is recruited to the Notch2 regulatory region [47] . Moreover, simultaneous loss of Notch signaling in hepatocytes impaired the ability of overexpressed YAP to induce proliferation and dedifferentiation to a bipotential fate in these cells [47] . Together, these observations led to the conclusion that when Hippo signaling is compromised in mature hepatocytes, YAP acts through the Notch pathway to promote biliary fate.
A more recent study used Lats1 -/-; Albumin-Cre; Lats2 flox/flox mice to provide strong evidence that during liver development, activation of YAP/TAZ in the liver due to the loss of upstream Hippo pathway components LATS1 and LATS2 promotes the differentiation of bipotential hepatoblasts into BECs [44] . However, the effect of YAP/TAZ in this context was not correlated with increased Notch2 expression and Notch pathway activity, but was instead associated with enhanced TGFβ signaling [44] . Moreover, the long-term effects of loss of Hippo signaling in this model were not inhibited by simultaneous loss of Notch2, were distinct from the phenotypes caused by activation of Notch signaling in hepatocytes, and were associated with activation of TGFβ signaling [44] . It remains to be seen whether epistasis analysis supports a direct role for TGFβ signaling in YAP-induced biliary fate specification and development. Regardless, future studies will show whether the discrepancy between these two studies is due to the difference between the models used to activate YAP/TAZ in hepatocytes or not.
The Role of Notch Signaling and Its Modifiers in the Pathogenesis of Liver Disease in Alagille Syndrome
Alagille syndrome (ALGS) is a multisystem developmental disorder affecting the biliary system, cardiovascular system, kidney, skeleton and other organs. Most ALGS patients have a dominant mutation in JAG1 (~95%) or NOTCH2 (~1-2%), and the genetic cause of the remaining cases is not known [7, 8, [48] [49] [50] . ALGS patients show extreme phenotypic variability in the severity of biliary defects and their progression with age [51, 52] . However, there is no known genotype-phenotype correlation in ALGS [53] [54] [55] [56] . Importantly, several studies have reported discordant phenotypes in monozygotic twins with ALGS [57] [58] [59] , strongly suggesting a key role for the environment in determining the severity of the ALGS phenotypes. In addition, Jag1 heterozygous phenotypes in mice are highly sensitive to genetic background and to the gene dosage of other Notch pathway components [9, 10, [60] [61] [62] , suggesting that genetic modifiers are also likely to contribute to the ALGS phenotypic variability. Moreover, treatments for ALGS liver disease are limited and mainly supportive, with the only curative modality being liver transplantation [63, 64] . Accordingly, identification of genetic modifiers of the disease phenotypes is critical for better and earlier assessment of prognosis and in developing novel treatment modalities. In this section, we will discuss several candidate genetic modifiers of the ALGS liver phenotypes that have been identified in mice and human patients.
Mutations in glycosyltransferase enzymes that add sugar residues to epidermal growth factor-like (EGF) repeats on Notch receptors and ligands are known to affect Notch signaling [65] [66] [67] . Dosage-sensitive genetic interactions in the context of biliary system have been reported between Jag1 and enzymes responsible for addition of two distinct sugar residues to EGF repeats: fringe genes, whose protein products add N-acetylglucosamine (GlcNAc) to specific EGF repeats, and Poglut1, whose protein product adds O-linked glucose to specific EGF repeats.
The Fringe family of proteins, which in mammals consist of lunatic, radical and manic fringe (LFNG, RFNG, MFNG), are known to alter Notch signaling through their glycosyltransferase activity [68, 69] . In a 2008 study, liver histology was analyzed in Jag1 +/animals that were simultaneously heterozygous for Lfng, Mfng or Rfng. While normal liver architecture was observed in single heterozygous animals for each of the fringe genes, Jag1 +/-; Rfng +/and Jag1 +/-; Lfng +/animals exhibited significant proliferation of biliary structures, which was not observed in control animals [61] . Notably, this proliferation was not accompanied by bile duct paucity. In contrast, Jag1 +/-; Mfng +/did not exhibit a proliferation of biliary structures like the other two double-heterozygous animals but showed a mild yet significant increase in bile duct density compared to control animals. The authors also reported normal hepatic and biliary structures in the livers of adult animals homozygous for each fringe gene. Together, these studies suggest that in Jag1 heterozygous animals, some aspects of biliary development are sensitive to the fringe gene dosage. The single Fringe protein in Drosophila inhibits Notch signaling mediated by the JAG1 ortholog Serrate via decreasing the Serrate-Notch binging [68, 70] . However, the effects of mammalian fringe proteins on JAG1-mediated signaling are potentially receptor-specific and have not been clearly established. For example, one study reported that both MFNG and LFNG reduce JAG1-NOTCH2 signaling by decreasing JAG1-NOTCH2 binding [71] ; however, another showed an enhancement of JAG1-NOTCH2 signaling by LFNG [72] . Moreover, although all three fringe proteins enhance JAG1-NOTCH1 binding, MFNG and LFNG inhibit but RFNG appears to enhance JAG1-NOTCH1 signaling [73, 74] . Therefore, the precise mechanisms underlying the observed genetic interactions remain to be identified.
When kept on a mixed genetic background, animals heterozygous for a null allele of Jag1 called Jag1 dDSL did not show any ALGS phenotypes other than eye abnormalities [60] . However, we found, rather serendipitously, that Jag1 dDSL/+ animals show significant bile duct paucity accompanied by a ductular reaction on a pure C57BL/6 background [9] . Previous studies had shown that loss of the Drosophila Poglut1 (rumi) impairs Notch signaling, and that POGLUT1/Rumi promotes Drosophila Notch signaling by adding O-glucose residues to EGF repeats on the Notch receptor, not its ligands [75, 76] . In contrast, genetic experiments in mice showed that in animals doubly heterozygous for Jag1 and Poglut1, the liver histology is significantly improved, with a partial rescue of the bile duct paucity observed in Jag1 dDSL/+ animals [9] . In contrast to the Drosophila Serrate which does not have any POGLUT1 target sites, four of the JAG1 EGF repeats have experimentally-verified POGLUT1 target sites [9] . Moreover, conditional loss of Poglut1 in vascular smooth muscle cells resulted in a post-transcriptional increase in JAG1 protein level in these cells [9] , which are thought to be the source of JAG1 during bile duct development [14] . While this observation suggests increased JAG1 protein stabilization as a potential mechanism for the observed rescue, the precise mechanism through which POGLUT1 regulates JAG1-mediated signaling in the liver awaits further studies.
A more recent study from our group has demonstrated a role for SOX9 as a modifier of the liver phenotype in Jag1 +/mice. As mentioned before, in a Notch-sufficient condition, loss of both copies of Sox9 results in a mild delay in biliary development that recovers by 5 weeks of age [27] . However, we found that conditional loss of one copy of Sox9 by using the Albumin-Cre transgene in the context of Jag1 heterozygosity worsens the Jag1 +/biliary phenotypes, as assessed by liver histology, serum chemistry and 3D visualization of the biliary tree [39] . Furthermore, removing both copies of Sox9 in Jag1 +/livers further worsened the phenotypes and resulted in~50% lethality by P25 [39] . In agreement with studies on other models of Notch deficiency in the liver [15, 35, 42] , the Jag1 +/biliary defects showed significant improvement by age [39] . Again, simultaneous loss of one copy of Sox9 prevented this improvement in Jag1 +/mice. These observations suggested that the level of SOX9 can play a major role in determining the severity and progression of Jag1 haploinsufficient liver phenotypes. In agreement with these observations, the levels of SOX9 were found to be inversely correlated with the severity of liver disease in patients with ALGS. Importantly, increasing Sox9 expression by Albumin-Cre resulted in improved cholangiocyte numbers and biliary development in Jag1 +/animals without any long-term adverse effects [39] . This suggested that not only is Sox9 a dosage-sensitive modifier of the ALGS liver phenotype in mice, but increasing its expression in the liver may be a strategy to improve ALGS liver disease.
Another study directly assessed the genetic basis for the variability in ALGS liver phenotypes by performing a genome-wide association study comparing ALGS patients with known JAG1 mutations which had mild versus severe liver phenotypes [77] . A single-nucleotide polymorphism (SNP) upstream of thrombospondin 2 (THBS2) was significantly associated with disease severity. The authors showed that Thbs2, which encodes a secreted protein, is expressed in BECs and in the portal mesenchyme of the mouse liver. Thbs2-null animals showed normal bile duct morphology and density, but increased micro-vascularization in the periportal areas of the adult liver and a higher number of hepatic arteries per portal vein in 1-week old animals. THBS2 was found to inhibit the binding of JAG1 to NOTCH2 receptor in vitro. Moreover, JAG1-mediated Notch signaling was enhanced in Thbs2-null stromal cells. In fibroblasts isolated from control human subjects, THBS2 protein was elevated in those carrying the identified allele, suggesting that the risk allele increases THBS2 expression. It is worth mentioning that in fibroblasts isolated from ALGS patients, no correlation was observed between the presence of the risk allele and the level of THBS2 mRNA and protein, which might be due to the low number of samples and the cell type analyzed. Together, these observations strongly suggest that level of THBS2 in the developing liver might be inversely correlated with the severity of the ALG1S phenotypes. It will be interesting to examine the effects of altering Thbs2 gene dosage on the bile duct phenotypes caused by Jag1 heterozygosity in mice.
Notch and Liver Regeneration and Repair
The liver has a tremendous capacity for regeneration following damage. Regeneration itself involves many different signaling pathways and the various cell types present in the adult liver [78] . Notch signaling has increasingly become of interest in understanding the processes involved in repairing and regenerating the mammalian liver. Following the loss or damage to liver tissue, hepatocytes, BECs and vascular-related cells must proliferate to restore liver structure and function. The role of Notch signaling in regeneration can be broken into three main areas, hepatocyte regeneration, biliary regeneration and neovascularization of the newly derived liver tissue.
While Notch signaling is known to be important in biliary regeneration, there have been some questions towards its role in hepatocyte regeneration [79, 80] . The current evidence is mixed and suggests a complicated role for Notch in hepatocyte regeneration. A 2004 study showed that Notch pathway activity increases in hepatocytes following partial hepatectomy (PHx) in rats and that siRNA-mediated silencing of Notch1 and Jag1 two days before PHx results in reduced hepatocyte proliferation in the 2-4 days following the procedure [81] . However, the same study showed that Notch inhibition did not result in decreased weight at similar endpoints following PHx, suggesting compensatory mechanisms for loss of Notch activity. More recently, inhibition of Notch activity following PHx in rats was reported to result in impaired hepatocyte proliferation and regeneration along with disruptions to hepatocyte cell-cycle progression [82] . However, the situation is different when viewed from the perspective of Hepatic Progenitor Cells (HPCs). When Notch signaling is activated in HPCs in vitro, hepatocyte markers such as alpha fetoprotein are downregulated and biliary markers are upregulated, suggesting that the Notch activity prevents hepatocyte and promotes cholangiocyte fate [79] . In zebrafish and mouse, biliary cells are known to be capable of giving rise to hepatocytes upon severe loss of hepatocytes if the proliferation capacity of the remaining hepatocytes is impaired [83] [84] [85] [86] [87] . In such contexts, cholangiocytes are thought to dedifferentiate into bipotential HPCs, proliferate and then differentiate into hepatocytes [83, 84] . Notch inhibition during zebrafish liver regeneration has recently been shown to enhance biliary to hepatocyte fate transformation, while Notch overactivation impairs this process [88] . Together, these data suggest that while Notch activity may play a role in hepatocyte proliferation during regeneration, the degree of Notch activity and whether the proliferative capacity of hepatocytes is affected or not are important factors in determining how Notch signaling affects hepatocyte regeneration.
The role of Notch signaling in biliary regeneration is more straightforward and better understood. One of the models used to induce biliary damage and study biliary regeneration is feeding animals with diet containing 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC), a toxin that targets biliary cells and induces bile duct injury, ductular reactions and liver fibrosis [89] . In Notch2 liver-specific knockout animals (Albumin-Cre; Notch2 flox/-) that are treated with DDC, HPCs accumulate and are incapable of differentiating into cholangiocytes to restore biliary structure and function [80] . Moreover, biliary regeneration is impaired following PHx in postnatal Notch-ablated mice (Mx-Cre; Rbpj flox/flox treated with poly I:C to induce recombination), as evidenced by reduced CK19 expression, increased cholestasis and necrosis [79] . Despite this failed biliary differentiation, liver volume is restored and thus, hepatocyte proliferation and differentiation are not thought to be affected in this model. As previously noted, Notch overactivation in HPCs in vitro promotes biliary fate, preventing differentiation to hepatocytes [79] . A liver progenitor cell line called bipotential murine oval liver (BMOL) forms biliary tubular structures when grown on Matrigel [80] . Formation of these structures is significantly impaired upon Notch inhibition, suggesting a mechanism through which Notch activity promotes biliary restoration following damage [80] . Thus, Notch signaling in damaged liver pushes the cell fate toward cholangiocytes and promotes the formation of biliary structures.
Following PHx, vascularization is critical for the generation of a functional liver. Upon PHx, the newly formed hepatocytes generate avascular parenchymal islands, which subsequently signal to sinusoidal endothelial cells (LSECs) to induce their proliferation and recruitment to the newly formed liver tissue [90] . Conditional loss of Rbpj in adult mice with Mx-Cre transgene results in a highly efficient (>90%) deletion of the gene in endothelial cells and the liver [91] . Within 2-5 days of PHx, these animals did not show a major defect in regenerating hepatic lobules [91] . However, they showed a reduction in LSEC proliferation response, accompanied by LSEC degeneration and a sinusoidal obstruction syndrome [91] . These observations highlight the importance of Notch signaling in another aspect of the regeneration process. It is worth noting that by 10 days after PHx, Rbpj-deficient livers showed an almost complete regeneration, although not all aspects of liver function were restored [91] . Therefore, these data also provide another example of the remarkable capacity of the mouse liver to at least partially compensate for the loss of Notch signaling.
Notch and the Development of Liver Fibrosis
Upon liver damage, hepatocytes and biliary cells must be regenerated to repair and rebuild lost tissue. In many organ systems, myofibroblasts secrete extracellular matrix (ECM) as part of a damage response. In the liver, quiescent Hepatic Stellate Cells (HSCs) are activated upon damage and differentiate to myofibroblast-like cells. These activated myofibroblasts deposit collagen-rich ECM during the wound healing response, to be resolved upon withdrawal of the insult and termination of tissue regeneration. If uncontrolled, this deposition can lead to fibrosis and impaired liver function [92, 93] . Notch signaling has been suspected for some time to play a role in liver fibrosis [18] . Indeed, the observation that ALGS patients rarely go onto cirrhosis and exhibit less fibrotic deposition than other chronic liver disorders was an early clue toward a role for Notch signaling in the liver fibrotic response [18, 94] .
The mechanism and role for Notch signaling in liver fibrosis has been advanced over the past decade. Rat HSCs express Notch receptors in vitro and begin expressing JAG1 upon activation and differentiation to a myofibroblast-like cell [95] . Importantly, myofibroblast activation and subsequent collagen deposition in the lung has also been found to be partially dependent on Notch activity, suggesting that the role for Notch in fibrosis is not limited to the liver [96] . Carbon tetrachloride (CCl 4 ) is a hepatotoxin commonly used to induce liver damage and fibrosis in rodent animal models. In vivo experimentation has shown that Notch inhibition in the context of CCL 4 -induced liver damage significantly impairs HSC activation and the development of fibrosis [97] . The in vivo dependence of HSC activation on Notch signaling suggests that inhibition of this pathway in the liver can prevent or significantly decrease fibrosis (Figure 3 ). Direct activation of HSCs by Notch is not the only known mechanism through which Notch activity modulates fibrosis. Recent studies have demonstrated that Notch activation of LSECs and hepatocytes leads to subsequent HSC activation and fibrosis. LSECs are normally fenestrated, allowing the interaction of liver parenchyma with the sinusoidal space. Fenestrated LSECs secrete nitric oxide (NO) to maintain HSCs in a quiescent state [98] . Upon liver injury, LSECs are activated and develop a basement membrane, isolating the liver parenchyma and the sinusoidal spaces. Moreover, they reduce the secretion of NO and deposit ECM material [98] . NO has been shown to maintain HSCs in a quiescent state, while LSEC-derived ECM promotes HSC activation. Thus, reduction in NO and increased ECM deposition result in HSC activation and subsequent fibrotic deposition [98] [99] [100] . A recent study showed that Notch can lead to HSC activation by acting directly on LSECs [101] . Using the mouse as a model, the authors showed that endothelial-specific Notch activation resulted in the dedifferentiation and activation of LSECs, thereby leading to HSC activation and worsening of CCL 4 -induced liver fibrosis [101] . In another study, the role of Notch activity in hepatocytes on fibrosis was assessed. The authors showed that the number of HES1 + hepatocytes was increased in patients with more severe cases of nonalcoholic steatohepatitis (NASH) [102] . Moreover, the authors demonstrated that hepatocyte-specific Notch inhibition in a mouse model of NASH resulted in reduced fibrotic deposition and impaired HSC activation without affecting the degree of hepatocyte injury or liver inflammation [102] . Finally, the study suggested a mechanism whereby Notch-induced SOX9 expression in hepatocytes resulted in increased expression of OPN (official name: "secreted phosphoprotein 1" or Spp1), leading to HSC activation and the development of fibrosis. These two studies indicate that while Notch can directly activate HSCs to promote fibrosis, Notch activation in neighboring cell types can also result in HSC activation and the subsequent development of fibrosis (Figure 3) . Similar to biliary development and repair, during the development of liver fibrosis Notch intersects with other signaling pathways including TGFβ, Hedgehog (Hh) and Hippo. TGFβ has previously been shown to play a role in HSC activation and subsequent liver fibrosis [93] . Studies of the long non-coding RNA LFAR1 (lnc-LFAR1, liver fibrosis-associated lncRNA1) in the mouse liver demonstrated a crosstalk between TGFβ activation and Notch signaling in liver fibrosis [103] . Lnc-LFAR1 knock-down in the liver resulted in impaired TGFβ signaling and a reduction in HSC activation and fibrosis upon CCl4 administration. Lnc-LFAR1 knockdown also resulted in reduced Notch2, Notch3, Hes1 and Hey2 expression. The authors suggested that the observed reduction in Notch receptor expression is a result of impaired TGFβ signaling [103] . Indeed, lnc-LFAR1 was found to increase SMAD2/3 binding to the Notch2 and Notch3 regulatory regions, suggesting that TGFβ signaling might directly result in increased Notch activity. Another study demonstrated that increasing TGFβ expression in HSC cultures resulted in increased expression of Jag1 and downstream Notch target genes [104] . Thus, TGFβ in the liver may help drive fibrosis in part by promoting Notch activity in HSCs.
The Hedgehog (Hh) signaling pathway has also been demonstrated to promote HSC activation and differentiation to myofibroblasts in the liver [105] . Using in vitro and in vivo evidence, a 2013 study showed that Hh and Notch signaling engage in a positive-feedback loop in HSCs during fibrotic reactions [106] . The authors reported that bile duct ligation (BDL) resulted in an increase in the mRNA levels of Notch2 and Jag1, and Notch pathway targets Hes1, Hey1, Hey2 and HeyL. Treating primary HSCs with the Hh signaling antagonist GDC-0449 resulted in a significant reduction in the expression of Notch2, Jag1 and the Notch target genes. In the same cell type, pharmacological inhibition of Notch signaling by using the γ-secretase inhibitor DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenyl-glycine t-butyl ester) resulted in decreased Hh-signaling. Moreover, mice with HSC-specific deletion of the Hh-pathway component Similar to biliary development and repair, during the development of liver fibrosis Notch intersects with other signaling pathways including TGFβ, Hedgehog (Hh) and Hippo. TGFβ has previously been shown to play a role in HSC activation and subsequent liver fibrosis [93] . Studies of the long non-coding RNA LFAR1 (lnc-LFAR1, liver fibrosis-associated lncRNA1) in the mouse liver demonstrated a crosstalk between TGFβ activation and Notch signaling in liver fibrosis [103] . Lnc-LFAR1 knock-down in the liver resulted in impaired TGFβ signaling and a reduction in HSC activation and fibrosis upon CCl 4 administration. Lnc-LFAR1 knockdown also resulted in reduced Notch2, Notch3, Hes1 and Hey2 expression. The authors suggested that the observed reduction in Notch receptor expression is a result of impaired TGFβ signaling [103] . Indeed, lnc-LFAR1 was found to increase SMAD2/3 binding to the Notch2 and Notch3 regulatory regions, suggesting that TGFβ signaling might directly result in increased Notch activity. Another study demonstrated that increasing TGFβ expression in HSC cultures resulted in increased expression of Jag1 and downstream Notch target genes [104] . Thus, TGFβ in the liver may help drive fibrosis in part by promoting Notch activity in HSCs.
The Hedgehog (Hh) signaling pathway has also been demonstrated to promote HSC activation and differentiation to myofibroblasts in the liver [105] . Using in vitro and in vivo evidence, a 2013 study showed that Hh and Notch signaling engage in a positive-feedback loop in HSCs during fibrotic reactions [106] . The authors reported that bile duct ligation (BDL) resulted in an increase in the mRNA levels of Notch2 and Jag1, and Notch pathway targets Hes1, Hey1, Hey2 and HeyL. Treating primary HSCs with the Hh signaling antagonist GDC-0449 resulted in a significant reduction in the expression of Notch2, Jag1 and the Notch target genes. In the same cell type, pharmacological inhibition of Notch signaling by using the γ-secretase inhibitor DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenyl-glycine t-butyl ester) resulted in decreased Hh-signaling. Moreover, mice with HSC-specific deletion of the Hh-pathway component smoothened showed a reduction in the level of fibrosis and Notch signaling following BDL. This work showed a positive-feedback loop whereby Hh and Notch stimulate each other in HSCs and together promote HSC-activation and subsequent fibrosis.
In normal liver, Sox9 is a downstream target of Notch signaling and is specifically expressed in cholangiocytes, but not in other cell types [26, 27] . However, a recent study demonstrated that in human patients with chronic hepatitis C infection and in mouse models of liver injury (CCl 4 injection and BDL), SOX9 is also found in regenerative hepatocytes and activated HSCs [107] . The authors reported that increased SOX9 expression correlated with the severity of liver fibrosis in patients with chronic hepatitis C infection [107] . The authors further demonstrated a link between elevated SOX9 and the Hippo pathway in the development of fibrosis. Inhibition of YAP in CCl 4 and BDL mouse models of liver fibrosis by injecting the specific YAP1:TEAD inhibitor verteporfin resulted in reduced SOX9 expression in HSCs. Moreover, genetic and cell culture experiments strongly suggest that the observed pro-fibrotic function of SOX9 arises from its expression in HSCs, not in cholangiocytes and hepatocytes. Together, this work and the above-mentioned references [101, 102] suggest that Notch and YAP may activate SOX9 in different cell types, with both leading to the activation of HSCs and induction of fibrosis.
Notch activity therefore plays a direct role in the development of liver fibrosis. Notch activation in HSCs, neighboring hepatocytes and LSECs leads to fibrotic deposition. Notch also acts in concert with other signaling pathways in the activation of HSCs. In-depth understanding of Notch's role in liver fibrosis by these lines of investigation might ultimately lead to improved therapies for decreasing the severity of liver fibrosis and potentially preventing fibrosis-induced liver failure in chronic liver disease.
Notch and Liver Metabolism
Notch signaling is important not only in the development and maintenance of liver tissue but also in one of the liver's most important roles, metabolism. Liver metabolism and Notch can be broadly broken into two categories: glucose and lipid metabolism. In this section, we will summarize what is currently known on the complicated role of Notch signaling in both glucose and lipid metabolism and highlight the open questions in the field.
The Forkhead box-containing transcription factor 1, FOXO1, plays an important role in glucose metabolism. Foxo1 heterozygosity reduces the diabetic burden in mouse models of metabolic syndrome [108] . In 2007, FOXO1 was shown to directly bind to RBPJ and lead to increased Notch signaling in myoblasts, thereby preventing their differentiation [109] . In this study, FOXO1 was found to aid in the clearance of corepressors and the recruitment of coactivators at the Hes1 promoter. Therefore, through this interaction, FOXO1 was found to drive downstream Notch signaling and influence cellular differentiation. However, considering FOXO1's critical role in metabolism, it remained to be seen whether the FOXO1-Notch interaction influenced cellular metabolism as well. To address this question, Pajvani et al. analyzed the effects of removing one copy of both Notch1 and Foxo1 on metabolic syndrome-related phenotypes caused by a high fat diet (HFD) [108] . The double-heterozygous animals showed increased (improved) insulin sensitivity with reduced serum glucose level compared to single-heterozygous and control animals [108] . The authors demonstrated a synergistic relationship between NOTCH1 and FOXO1 in the expression of downstream metabolic genes such as G6pc, and reported that Rbpj knockout in the liver improved insulin sensitivity in mice fed a HFD. Finally, Notch1 gain of function mutations resulted in worsened insulin resistance and increased serum glucose levels, reminiscent of the phenotypes seen in patients with metabolic syndrome. These observations suggested that the interaction between Notch and FOXO1 also plays a key role in liver metabolism.
Recent conflicting evidence, however, has raised questions on the exact role that Notch signaling plays in glucose metabolism in the liver. In a 2013 study, a positive correlation between Notch activation and gluconeogenesis was identified in patients with insulin resistance [110] . Specifically, increased Notch activity was shown to be correlated with elevated Glucose-6-phosphatase (G6PC) and phosphoenolpyruvate carboxykinase (PCK1) enzyme levels. Patients with hyperglycemia were also found to have relatively high Notch activity in the liver as assessed by HES1 expression. In contrast, a 2016 study reported that hepatocyte-specific deletion of Notch1 resulted in decreased insulin sensitivity and increased serum glucose, similar to what is seen in metabolic syndrome [111] . The authors also noted that G6PC and Peripilipin-5 were elevated in these animals, thus increasing gluconeogenesis and fasting serum glucose. The authors provide several potential reasons underlying the apparent discrepancy between their results and Pajvani's report [108] . For example, in the previous study, animals were germline double-heterozygous for Notch1 and Foxo1, whereas this study deleted both copies of Notch1 only in hepatocytes using Albumin-Cre. Further research is needed to better understand the role of Notch signaling in glucose metabolism, which might aid in designing future therapies for metabolic disorders.
We previously discussed the role of Notch signaling and LSECs on liver fibrosis. Hepatic inflammation promotes insulin resistance in metabolic syndrome, but the mechanism was largely unknown [112] [113] [114] . New research has demonstrated that hepatic inflammation in metabolic syndrome is mediated by LSECs. Using mice on an HFD, Miyachi et al. found that LSECs recruit Notch-ligand presenting myeloid cells to the liver, which in turn signal to hepatocytes to modulate glucose metabolism [115] . These myeloid cells were found to promote gluconeogenesis in hepatocytes, as evidenced by increased G6pc expression and serum glucose levels. This is likely to be directly mediated by Notch pathway activation, because 1) Notch signaling inhibition under HFD conditions resulted in reduced G6pc expression and 2) cell culture assays demonstrated that leukocytes in direct contact with hepatocytes induced increased G6pc and Hes1 expression in hepatocytes, which was impaired upon γ-secretase inhibition. Thus, Notch ligands expressed by LSEC-recruited inflammatory cells can lead to increased gluconeogenesis in hepatocytes and thereby result in insulin resistance.
Notch signaling has also been found to play a key role in lipid metabolism in the liver. The mTOR pathway is known to activate lipogenesis in the liver through induction of SREBP-1c expression [116] . Experiments in mice indicated that Notch can activate mTOR and promote lipogenesis [117] . The authors found that steatosis was significantly reduced in HFD-fed mice with a liver-specific Rbpj-knockout (Albumin-Cre; Rbpj flox/flox ). The authors then deleted Rbpj in mice simultaneously lacking Foxo1 in the liver. Steatosis was also improved in these animals, suggesting that Notch-induced steatosis was FOXO1-independent. To elucidate the mechanism, the authors analyzed Srebp1c expression and mTOR signaling and found that both were reduced in Rbpj-deleted livers, suggesting that Notch signaling enhances mTOR signaling in the liver. Importantly, inhibition of mTOR was sufficient to impede Notch-induced fatty liver. Thus, Notch signaling acted in an mTOR-dependent, FOXO1-independent manner to increase lipogenesis and steatosis [117] . This is in contrast to glucose metabolism, where Notch and FOXO1 interact. The question remained whether this effect was solely the result of changes in lipogenesis or whether changes in lipid breakdown via fatty-acid oxidation contribute to the observed findings. To answer this question, a more recent study generated Notch1-deficient animals by transgenic expression of a Notch1 antisense construct under the control of the mouse mammary tumor virus long terminal repeat promoter (Notch1 antisense mouse [118] .) The authors found that on a HFD, the Notch1 antisense mice have reduced hepatic triacylglycerol levels compared to wild-type HFD-fed mice [118] . In addition, HFD was found to correlate with increased NOTCH1 expression in the liver, suggesting that Notch was responsive to lipid intake. Importantly, NOTCH1 inhibition in the Notch1 antisense mouse resulted in increased expression of genes involved in fatty-acid oxidation, suggesting that Notch activity is involved in the breakdown of lipids as well as the previously reported lipogenesis pathways [117, 118] .
Conclusions and Future Directions
Notch signaling plays many roles in the development, repair and homeostasis of the liver. Disruptions in Notch signaling result in liver disorders such as Alagille syndrome, where a failure to properly form the biliary tree results in cholestasis and its sequela. Notch signaling, while important in the repair process, can also promote fibrotic deposition, leading to subsequent liver failure. Notch signaling has also been found to help regulate sugar and fat metabolism in the liver and may play a role in the pathophysiology of insulin resistance and metabolic syndrome.
The last few years have seen multiple advances in our understanding of Notch signaling regulation and its roles in the liver. Many signaling pathways are now known to intersect with Notch during liver development. This opens the question if these interactions are preserved in repair and regeneration. HSC activation is known to be regulated not only by Notch but also by TGFβ signaling, suggesting that pathway interaction may play a role in other repair/regenerative processes. What specific cell types are involved in these different signaling pathways is also relevant. Notch signaling in liver cells can be activated by ligands presented by the infiltrating immune cells, as demonstrated in studies of liver metabolism [115] . Is the same true with respect to HSC activation and subsequent fibrosis?
Another exciting area is elucidation of the genetic and perhaps environmental bases of the great phenotypic variation observed in Alagille syndrome presentation and prognosis, which are still largely unknown despite the identification of several candidate genetic modifiers [9, 39, 61, 77] . Some of the important challenges in this area are to identify additional disease modifiers, to confirm that the genetic modifiers identified in mice contribute to phenotypic variability in human patients, to establish that the genetic variants identified in human genome-wide studies are responsible for phenotypic variability in patients, and to provide mechanistic insight into how each modifier affects Notch signaling, biliary development and disease pathophysiology. Our recent work has highlighted how changing the expression level of a single gene downstream of Notch signaling (Sox9) can dramatically affect biliary development in the context of Notch deficiency without having much of an effect in wild-type animals [39] . This observation suggests that when considering potential genetic modifiers of Notch signaling in Alagille syndrome and perhaps in other diseases of haploinsufficiency, one cannot limit the search to those genes which already have a significant phenotype in a wild-type context. Finally, given the reports on discordant phenotypes in monozygotic twins with ALGS [57, 58] , environmental factors are likely to contribute to the phenotypic variability in this disease, as was shown in an elegant study of gene-environment interaction in another Notch-related disease, namely congenital scoliosis [119] .
Evidence of a role for Notch signaling in liver metabolism is quite interesting and recent. Notch signaling in hepatocytes plays important roles in proper sugar and fat metabolism in the liver. Of note, some studies have suggested that Notch signaling in cells other than hepatocytes can also affect liver metabolism [120, 121] . Therefore, in addition to an intrinsic role in hepatocytes, a Notch-dependent cross-talk between hepatocytes and adjacent cells or even distant organs is likely to play a role in this process. Additional work on the cell-type specific roles of Notch signaling may help us understand the basis for discrepancies seen among some studies on Notch and liver metabolism and provide novel insight into the potential role of Notch in metabolic disorders. 
